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CURRENT INTERPOLATION 
IN MULTI-PHASE LOCAL OSCILLATOR 
FOR USE WITH HARMONIC REJECTION MIXER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The invention generally relates to generation of differently phased oscillator 

signals for use in harmonic rejection mixers (HRMs). More particularly, the invention 
relates to providing HRMs with an arbitrarily large number of differently-phased local 
oscillator (LO) signals to reject substantially more harmonics ("images") than 
conventional arrangements, especially using LO signals that are not dependent on phase 
lock loop (PLL) frequency dividers to divide a high-frequency signal to a suitable LO 
frequency. 

2. Related Art 

[0002] Harmonic-rejection mixers (HRMs), which are designed to reject local oscillator 

(LO) harmonics (or "images"), are known in the art. See, for example, "A 1.75 GHz 
Highly-Integrated Narrow-Band CMOS Transmitter with Harmonic-Rejection Mixers" 
Weldon, J. A.; Rudell, JG.; Lin, L; Narayanaswami, R. S.; Otsuka, M.; Dedieu, S; Tee, 
L.; Tsai, K-C; Lee, C-W; and Gray, P. R.; Section 10.4 of Digest of Technical Papers of 
the 2001 IEEE International Solid-State Circuits (ISSC) Conference, 5-7 Feb. 2001, 
pages 160-162 (hereinafter called "the Weldon etal. reference"). FIG. 1 shows part of 
Figure 10.4.1 from the Weldon et al. reference. 

[0003] In FIG. 1, orthogonal (quadrature) I and Q signals pass through respective 

digital-to-analog converters (DACs) and low pass filters (LPFs) to reach four harmonic 
rejection mixers (HRMs). Also input to the HRMs are local oscillator (LO) signals $1, 
<j>2, 4>3, (f>4, provided from a phase divider. The input to the phase divider is provided by 
a phase lock loop (PLL) that runs from a crystal oscillator XTAL and has a much higher 
frequency than the LO frequency. Within the PLL, a first frequency divider Dl, a phase 
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difference detector A, a voltage controlled oscillator VCO, and a feedback frequency 
divider D2, are provided in a conventional PLL arrangement. Outputs of the four HRMs 
are subtracted or added, pair-wise, to provide intermediate frequency (EF) signals that are 
subsequently subjected to further mixing and summing, downstream. 

[0004] Undesirably, conventional square wave LOs generate a significant amount of odd 

harmonics. For example, if a LO has a fundamental frequency of 100 MHz, then 
significant harmonics are generated at odd multiples thereof, namely, at 300 MHz, 
500 MHz, 700 MHz, and so forth. Unfortunately, these harmonics mix with the 
modulated information signals. Harmonics that are close in frequency to the fundamental 
frequency are difficult to filter or otherwise eliminate, using conventional techniques. 

[0005] Weldon et al generate four-phase LOs (two pairs of orthogonal signals) and sum 

the LO signals of different phases. In this manner, Weldon et al creates a very rough 
"stair step" approximation of a sin wave at the LO output. Weldon' s Figure 10.4.2 shows 
the details of an HRM that performs this rough "stair step" approximation. In providing 
even this rough "stair step" approximation, Weldon et al reduce the magnitude of some 
lower-order harmonics, as compared to a conventional purely square wave LO. The 
Weldon et al reference states that their arrangement significantly rejects the third and 
fifth harmonics (-68 and -69 dB, respectively). 

[0006] In the Weldon etal reference, as in many conventional arrangements, the 

generation of multiple phases <j>], <f>2, <j>3, <t>4 has been achieved using a phase lock loop, 
or a combination of a PLL and a divider. Unfortunately, such conventional arrangements 
severely limit the number of phases available for a particular LO frequency. In Weldon' s 
example, only four phases are produced at the LO output, substantially limiting the 
closeness with which a LO output can emulate a sinusoidal output, thus frustrating 
rejection of higher harmonics. 

[0007] Because of difficulties in filtering out "close" (lower-order) harmonics, especially 

in modern systems having increasingly higher fundamental frequencies, there is a need in 
the art to reject not only the third and fifth harmonics, but also the seventh, ninth, and 
further harmonics. This need could be fulfilled by providing an HRM output that more 
closely emulates a sinusoidal signal, but with the limited number of LO phases available 
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in conventional arrangements, this need has not been fulfilled. Accordingly, there is also 
a need in the art to generate an arbitrarily large number of LO phases, based on 
orthogonal I and Q signals, to ultimately allowing higher-order harmonics to be rejected 

in harmonic rejection mixers. 
[0008] Furthermore, Weldon's conventional 4-phase generation method is not applicable 

for all possible LO frequencies. That is, the PLL frequency needs to be a multiple of the 
desired LO frequency, a requirement that limits the applications that can use the HRM. 
Thus, there is a further need in the art to provide an arrangement for generating a large 
number of LO phases, at a frequencies that can be flexibly chosen rather than being 
limited to a limited number of frequencies. 

SUMMARY 

[0009] A circuit provides a reduced harmonic content output signal that is modulated 

according to an input signal. The circuit has an oscillator circuit and a harmonic 
rejection mixer (HRM). The oscillator circuit includes at least one "circuit portion" 
configured to receive first and second orthogonal oscillator input signals having 
respective first and second phases, and to provide an arbitrarily large number of oscillator 
output signals having respective mutually distinct phases that are interpolated between 
the first and second phases. The harmonic rejection mixer is configured to use the input 
signal to modulate a combination of the oscillator output signals, the oscillator output 
signals being respectively weighted so as to provide an emulated sinusoidal signal 
constituting the reduced harmonic content output signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] A more complete appreciation of the described embodiments is better understood 

by reference to the following Detailed Description considered in connection with the 
accompanying drawings, in which like reference numerals refer to identical or 
corresponding parts throughout, and in which: 
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[0011] FIG. 1 illustrates a conventional circuit in which the output of a crystal must be 

frequency-multiplied in a phase lock loop to allow a phase divider to provide only four 
phases of a signal used in an image/harmonic-rejection up-conversion mixer; 

[0012] FIG. 2 is a high-level block diagram illustrating one embodiment of an 

arrangement of current interpolation in a multi-phase local oscillator (MPLO) for an 
HRM (harmonic rejection mixer), the details of which are illustrated in FIGS. 2A-2E; 

[0013] FIG. 2 A illustrates one embodiment of an "MPLO circuit portion", the "MPLO 

circuit portion" being repeated a number of times (for example, four times) to collectively 
form MPLO 210 (FIG. 2); 

[0014] FIGS. 2B, 2C illustrate one example of how metal oxide semiconductor field 

effect transistors (MOSFETs) of the "MPLO circuit portions" of FIG. 2A may be 
connected, in one embodiment of an MPLO; more specifically, FIG. 2B illustrates how 
the MOSFET gate inputs of the MPLO circuit portions of FIG. 2 A may be driven by I, Q, 
I-, Q- input signals, and FIG. 2C illustrates one example of how the drains and sources of 
the MPLO circuit portions of FIG. 2A may be connected; 

[0015] FIG. 2D illustrates one example of a load equalization buffer 220 (FIG. 2) that 

connects the outputs of MPLO circuit portions (FIG. 2 A, 2B, 2C) of MPLO 210 (FIG. 2) 
with the inputs of harmonic rejection mixer 230 (FIGS. 2, 2E); and 

[0016] FIG. 2E illustrates one example of a harmonic rejection mixer (HRM) 230 

(FIG. 2), an HRM having two sets of five HRM "legs" having five respective weighting 
factors W. 



DETAILED DESCRIPTION 

In describing embodiments illustrated in the drawings, specific terminology is 
employed for the sake of clarity. However, the invention is not intended to be limited to 
the specific terminology so selected, and it is to be understood that each specific element 
includes all technical equivalents that operate in a similar manner to accomplish a similar 
purpose. Various terms that are used in this specification are to be given their broadest 
reasonable interpretation when used in interpreting the claims. 
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[0018] Moreover, features and procedures whose implementations are well known to 

those skilled in the art are omitted for brevity. For example, design, selection, and 
implementation of basic electronic circuit elements such as signal level shifters, buffers, 
load balancing elements, grounding elements, bias elements, current mirror 
arrangements, logic elements, current and voltage sources, metal oxide semiconductor 
field effect transistors (MOSFETs), diodes (including "MOSFET diodes"), 
digital-to-analog converters (DACs) including differential DACs, and the like, lie within 
the ability of those skilled in the art, and accordingly any detailed discussion thereof may 
be omitted. 

[0019] As used herein, "current domain" or "current mode" (distinguished from voltage 

domain or voltage mode) means that the electrical quantities that directly or indirectly 
represent the baseband input signal are electric currents (not voltages). Normally, these 
currents come in pairs, and are differential current signals, so that the information is 
carried by a difference between the two currents. 

[0020] In the present description, it is understood that, based on context, symbols M and 

AT may be used as index values (example: 1, 2, 3, 4, 5, 6), as well as the maximum value 
that the index can assume (example: 6). Lower-case symbols m and n typically refer to 
particular index values, in which it is assumed m <M and n <N. 

[0021] Phase symbols such as <^c and <£x- generally denote signals of opposite relative 

phase. The presence of a minus sign after a designator does not imply a "negative" 
phase (negative with respect to an absolute reference phase); rather, the minus sign "-" 
merely denotes a relative phase difference of 180°. 

[0022] Unlike traditional PLL (or PLL and divider) approaches such as that described in 

the Background, the present approach is applicable to any LO frequency, not only 
frequencies that are the result of, for example, frequency-dividing a high frequency 
signal. Moreover, the use of extensive current interpolation on LO signals with many 
phases, and the weighted summation of those many-phased signals to closely emulate a 
sinusoidal LO signal, improve output signal linearity and enhance mixing gain while 
rejecting substantially more harmonics than conventional arrangements. 
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[0023] FIG. 2 is a high-level block diagram illustrating one embodiment of an / 

arrangement of current interpolation in multi-phase local oscillator (MPLO) for a 
harmonic rejection mixer (HRM). The details of one embodiment of FIG. 2 are 
illustrated in FIGS. 2A-2E. 

[0024] FIG. 2 illustrates a frequency source 202, which may be a conventional crystal 

oscillator XTAL. The frequency from source 202 is fed to an element 204, which may be 
conventional in design. Element 204 may include a PLL and quadrature (orthogonal) 
voltage-controlled oscillator (VCO), which in one embodiment provides current mode 
outputs. Element 204 provides two pairs of orthogonal (for example, quadrature) signals, 
hereinafter labeled I, Q, I-, and Q-. It is understood that I and Q are orthogonal (for 
example, quadrature) signals, while I and I- are opposite in phase, and Q and Q- are 
opposite in phase. 

[0025] The I, Q, I-, and Q- signals from quadrature VCO 204 are input to a current 

interpolation multi-phase local oscillator 210 (hereinafter, "MPLO 210" or in certain 
contexts, "LO"). Essentially, MPLO 210 outputs an arbitrarily large number 2M of 
signals that can have 2M mutually distinct phases. In one embodiment, the 2M phases 
are "evenly-spaced" phases. Details of one embodiment of MPLO 210 in which M=6 are 
shown in FIGS. 2A, 2B, 2C, described below. 

[0026] Significantly, the VCO frequency in element 204 may have the same frequency as 

the 2M LO signals output by the MPLO 210. This flexibility contrasts with the Weldon 
et al. arrangement, in which the VCO frequency is very high. 

[0027] MPLO 210 provides these 2M phased LO signals, which may be collectively 

called <j)M (individually, <j)m or <£m-), to an array of (for example) M=N=6, load 
equalization buffers 220. Load equalization buffers 220 provide respective buffered 
signals (collectively, (f>N) to harmonic rejection mixer (HRM) 230. Buffers in element 
220 may be constructed in accordance with FIG. 2D, discussed below. 

[0028] In response to a baseband input signal on line 231, HRM 230 provides modulated 

up-converted output signals OUTA and OUTB on opposite sides of connect load 
elements 291, 292. In one embodiment, OUTA and OUTB are current-domain signals, 
and accordingly a node between loads 291, 292 is held to a supply voltage VDD. 
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[0029] Throughout this disclosure, a specific example is presented for the sake of 

providing a concrete description. The presented example involves use of I, Q, I-, Q- 
input signals to generate M=N=6 pairs of output signals 61, 61-, 62, 62-, 63, 63-, 64, 64-, 
65, 65-, 66, 66-, which are ultimately used in HRM 230 (possibly after load 
equalization). Of course, the presented example with M=N=6 is merely illustrative and 
not exclusive in any way; and the scope of the invention should not be limited to 
particular embodiments described or shown herein. 
[0030] FIG. 2A illustrates one embodiment of an "MPLO circuit portion." Plural MPLO 

circuit portions form an MPLO 210. In the example described in this specification, four 
MPLO circuit portions output 2M signals 6M, including 61, 61-, 62, 62-, 63, 63-, 64, 
64- 65, 65-, 66, 66-. In that embodiment, 6x and 6x- are of opposite phase for all x. 
Thus, the MPLO circuit portion in FIG. 2A illustrates the generation of only three of the 
twelve signals, namely, 61, 62, 63. In that embodiment, signals 61, 62, 63 are 
interpolated between I and Q- input signals with evenly spaced phase shift. 
[0031] For brevity and to avoid clutter, detailed illustrations of the three MPLO circuit 

portions generating the nine phase signals other than 61, 62, 63 are not provided. It is 
understood that these other three MPLO circuit portions respectively provide signals 61-, 
62-, 63-; signals 64, 65, 66; and signals 64-, 65-, 66-. It is understood that diagrams of 
the three other MPLO circuit portions may be structured in the same manner shown in 
FIG. 2A, but receive corresponding inputs and provide corresponding outputs according 
to Table I: 

[0032] 

TABLE /: MPLO Inputs/Outputs (FIG. 2A) 



MPLO 
"Circuit Portions" 


First 
Input 


Second 
Input 


First 
Output 


Second 
Output 


Third 
Output 


FIG. 2A: 


I 


Q- 


61 


62 


63 


(not illustrated) 


Q 


I 


64 


65 


66 


(not illustrated) 


I- 


Q 


61- 


62- 


63- 


(not illustrated) 


Q- 


i- 


64- 


65- 


66- 



[0033] FIGS. 2B and 2C provide an "exterior" view of the MPLO circuit portions 

collectively, to show their interconnections. More specifically, FIG. 2B illustrates how 
the MOSFET gate inputs of the circuit portions of FIG. 2 A may be driven by I, Q, I-, Q- 
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input signals, while FIG. 2C illustrates one example of how the drains and sources of the 
circuit portions of FIG. 2A may be connected. In FIGS. 2B, 2C, the boxes labeled 1, 1-, 
2 2-, 3, 3-, 4, 4-, 5, 5-. 6, 6- provide corresponding output signals <f>l, <t>J-, <j>2, <t>2-, <j>3, 
<\>3-, <t>4, <M; t0 the load equalization buffers 220 (FIGS. 2, 2D). The 

three dotted-line boxes 1, 2, 3 in FIG. 2A correspond to the solid boxes labeled 1, 2, 3 (in 
FIGS. 2B, 2C) that provide respective signals <j>l, (f>2, <t>3 in (FIG. 2C). 
[0034] Referring more specifically to the MPLO circuit portion in FIG. 2A, input signal I 

is provided to the drain and gate of a MOSFET MNI, whose source is grounded. 
MOSFET MNI thus operates as a so-called "MOSFET diode," performing a current 
mirror function in a manner known in the art. Input signal I is input to the gates of 
MOSFETs MN1I, MN2I, MN3, as well as to an adjacent MPLO circuit portion that is to 
the "right" of the circuit portion of FIG. 2A. As an aside, FIG. 2B shows that signal I is 
provided to the adjacent MPLO circuit portion that includes boxes 4, 5, 6, and that I is 
input only to 4 and 5 but not to 6. 
[0035] Input signal Q- is also provided to the circuit portion in FIG. 2A. Q-'s current 

mirror MOSFET diode is not explicitly illustrated because it is located another MPLO 
circuit portion diagram that has the same structure as FIG. 2A, but located to the "left" of 
the MPLO circuit portion of FIG. 2A. Q- is input to the gates of MOSFETs MN1Q- and 
MN2Q-. 

[0036] In FIG. 2A, oscillator output signals <f>l, <t>2, <t>3 are provided at the joined drains 

of MN1Q-, MN1I; at the joined drains of MN2Q-, MN2I; and at the drain of MN3, 
respectively. Signals <t>l, <f>2, <f>3 are connected to VDD through respective resistors Rl, 
R2, R3. Signal <j>3 has a further resistor R33 inserted in series between VDD and R3, 
with the node between R33 and R3 also being connected to a resistor R3- (not shown in 
FIG. 2A but see FIG. 2C). R3- is the resistor pulling up the signal <t>3- that is opposite in 
phase to <j>3. R33 and R66 provide the common mode adjustment for the buffered I, I-, 
Q, Q- signals so that the associated oscillation voltage common modes are the same as 
the interpolated oscillation voltage common mode. 
[0037] Essentially, through choice of weighting of the MOSFETs in FIG. 2A by 

choosing device width, output signals <R <j>2, <j>3 are created as interpolated phase 
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signals. That is, the phases of <f>l t 02, 03 are between the phase of I and the phase of Q-. 
Speaking more precisely, the phase of oscillator output signal 03 essentially matches the 
phase of input signal I because I is the only input signal driving MOSFET MN3; 
however, within this disclosure the dotted line boxes 1, 2, 3 in FIG. 2A (and 
corresponding solid boxes in FIGS. 2B, 2C) are considered to be phase "interpolation" 
circuits even if some of the output phases exactly match one of the input phases. 

[0038] Collectively, four MPLO circuit portions provide twelve output signals 07, 02, 

<f>3 t (fyf t <f>5, <j)6 f 07-, 02- 05-, 04-, 05-, 06 that are mutually distinct in phase. In one 
embodiment, these twelve output signals are evenly spaced in phase, being thirty degrees 
apart from neighboring signals. 

[0039] To achieve phase interpolation, an approach based on combining selectively 

weighted electrical currents may be used. Herein, "SQRT" or "V is the arithmetic 
square root function. 

[0040] • In FIG. 2 A, 07 is made to have a phase that is thirty degrees away from Q- but 

sixty degrees away from I, by fabricating MN1Q- to have SQRT(3) times the 
width of MN1I so that control input Q- controls SQRT(3) times as much 
current as I controls. Symbolically: 

[0041] 1/2 cos(wt) - SQRT(3)/2 sin(cot) 

[0042] = sin(30°) cos(cot) - cos(30°) sin(cot) 

[0043] = -sin(wt-30°) 

[0044] • Likewise, 02 is made to have a phase that is thirty degrees away from I but 

sixty degrees away from I, by fabricating MN2I to have SQRT(3) times the 
width as MN2Q- so that control input I controls SQRT(3) times as much 
current as Q- controls. 

[0045] • MN3 is controlled only by I so that the phase of 03 is substantially the same as 

the phase of I. 

[0046] In operation, the current interpolation network in MPLO 210 generates an 

arbitrarily large number (here, 2M=12) phases based on two pairs of differential I/Q 
sinusoidal inputs (see especially FIG. 2B). The current interpolation weighting provides 
the correct current interpolation, and RC loading of each phase equalizes RC loading. 
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[0047] The relative MOSFET weighting and relative resistor value determination in a 

particular example of the MPLO circuit portion is now presented with reference to 
Table II. Preliminarily, the numerical values 2.37, 1.37, and 0.366 are arrived at as 
follows: 



[0048] 
[0049] 
[0050] 
[0051] 
[0052] 

[0053] 



and 



and 



(l + V3)^-*2.37 



£±^I) « 1.37 
2 



* 0.366 



(1 + V3) 



TABLE II: MPLO MOSFET Weighting, Resistance Values 



MPLO 

"Circuit 
Portion" 


Phase Signal 
Output 


Relative Weighting 
(MOSFET width) 


Relative 
Resistance 
Values 


"Left" 
MOSFET 


"Right" 
MOSFET 


FIG. 2 A 


*/ 


2.37 


1.37 


Rl =0.366 


<t>2 


1.37 


2.37 


R2 =0.366 


<t>3 «/ 


2.0 


N/A 


R3 =0.5 


(not illustrated; 
same pattern as 
FIG. 2A) 


<j)4 


2.37 


1.37 


R4 = 0.366 


<t>5 


1.37 


2.37 


R5 =0.366 




2.0 


N/A 


R6 = 0.5 


(not illustrated; 
same pattern as 
FIG. 2A) 


<t>l- 


2.37 


1.37 


Rl- = 0.366 


<j>2- 


1.37 


2.37 


R2- = 0.366 


03- =/- 


2.0 


N/A 


R3- = 0.5 


(not illustrated; 
same pattern as 
FIG. 2A) 




2.37 


1.37 


R4- = 0.366 


<i>5- 


1.37 


2.37 


R5- = 0.366 


06- ~Q- 


2.0 


N/A 


R6- = 0.5 



[0054] FIG. 2C provides an "exterior" perspective how the drains and sources of 

MOSFETS in the four MPLO circuit portions are connected. Resistors Rl through R6, 
and resistors Rl- through R6-, are connected between supply voltage VDD and blocks 1 
through 6, and blocks 1- through 6-, respectively. Common mode voltages of some of 
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the phases (namely, 03 and 05-, as well as </x5 and 06-) are adjusted through resistors R33 
& R66, respectively. More specifically, R33 is connected between VDD and a node 
common to R3 and R3-; and R66 is connected between VDD and a node common to R6 
and R6-. 

[0055] The outputs of blocks 1 through 6, and blocks 1- through 6-, are 07, 02, <f>3, 04, 

05, 0tf, and 07-, 02-, 03-, 04- 05-, 05-, respectively. The outputs are provided at the 
joined drains of the MOSFETs (see again, FIG. 2 A). 

[0056] FIG. 2D illustrates one embodiment of a load equalization buffer 220 (FIG. 2) 

that receives the outputs 0M of MPLO circuit portions (FIG. 2 A, 2B, 2C) of MPLO 210 
(FIG. 2) and provides load-equalized outputs 0/V to harmonic rejection mixer 230 
(FIGS. 2, 2E). It is understood that in this example, the circuit of FIG. 2D is present a 
total of M=Af=6 times, to provide the six pairs of signals (07, 07-) through (06, 06-). 

[0057] In FIG. 2D, the drains of two opposed MOSFETs MN21, MN22 are connected to 

VDD through respective resistors R21, R22. The sources of the MOSFETS are joined 
together and to the drain of a bias MOSFET MN23, whose source is in turn connected to 
ground. The gate of bias MOSFET MN23 receives a BIAS signal that ensures proper 
operation of opposed MOSFETs MN21, MN22. 

[0058] Corresponding input signals 0M and 0M- from MPLO 210 are differential voltage 

output signals. Signals 0M and 0M- are input to the gates of opposed MOSFETs MN21, 
MN22, respectively. The load equalization buffers collectively provide as many as M=N 
pairs of differential output signals to the harmonic rejection mixer (HRM) 230. In 
FIG. 2D, the differential output signals are individually labeled (f>N and 0AT-, and are 
provided at the drains of opposed MOSFETs MN21, MN22. It is understood that, in the 
present description, M and N may be used as index values 1, 2, 3, 4, 5, 6, as well as the 
maximum value the index can assume; 0m and <f>n generally refer to individual index 
values. 

[0059] To help achieve load equalization, the devices in the various (for example, six) 

load equalization buffers are properly chosen. Weighting (W), or buffer strength, is 
achieved by proportionately increasing device widths of MOSFETs MN21, MN22, 
MN23. To compensate for increased device width, the values of drain resistors R21, R22 
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[0060] 
[0061] 

[0062] 

[0063] 
[0064] 
[0065] 



are made inversely proportional to weighting W. The values given in Table III are 
relative values, rather than absolute device widths or ohm values; in practice, the width 
and resistance values vary with the semiconductor technology and with the particular 
application. The values 2.73, 0.366 and 0.5 are arrived at as follows: 

1 + V3 « 2.73 
and its reciprocal: 

1 



0 + V3) 



* 0.366 



Also: 



-L-0.5 
2.0 



TABLE III: Load Equalization Buffers 220 (FIG. 2D) 



Buffer 
(FIG. 2D) 


Inputs (<pM) 
from MPLO 


Outputs (0/V) 
toHRM 


Relative 
Weighting 
Factor W 


Relative 
Resistance 
(aMW) 


220-1 


4>i 


4)1- 


4>i 


4)1- 


2.73 


0.366 


220-2 


4)2 


4)2- 


4)2 


4)2- 


2.73 


0.366 


220-3 


4)3 


4)3- 


4)3 


4)3- 


2.0 


0.5 


220-4 


4>4 


4)4- 


4)4 


4)4- 


2.73 


0.366 


220-5 


<i>5 


4)5- 


4)5 


4)5- 


2.73 


0.366 


220-6 


4)6 


4)6- 


4)6 


4)6- 


2.0 


0.5 



[0066] The relative weighting and resistance values for a given Table III buffer may be 

"back-calculated" based on the required strengths of semiconductor devices (for example, 
MOSFETs) in the HRM that the buffer drives. Generally, phase signals that drive 
higher-strength HRM require proportionately greater weighting. One example of this 
back-calculation (for 4)1) is explained below, with reference to Table IV. 

[0067] R33 and R66 provide for common mode adjustment that is required for phases 

4)3, 4)6, 4)3- and 4)6-. The common mode level for I (4>3), Q (<#), I- (#-), and Q- (#-) is 
different than for the phases interpolated between them, namely, 4>1, 4)2, 4*. 4>5, 4>1: <t> 2 : 
44-, 4)5-. The values of R33, R66 are determined so that the DC biased voltages of all 
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<t>Ns are the same. For example, from TABLE II, the relative DC-biased voltage of 4>1 is 

VDD minus the voltage across resistor Rl . Symbolically: 
[0068] VDD - Vri = VDD - (2.37+1. 37)*0.366 = VDD - 1.3688 

[0069] in which: 

[0070] • VDD is the supply voltage; 

[0071] • Vri is the voltage across resistor Rl (FIG. 2A); 

[0072] • (2.37+1 .37) is the sum of the device widths of MOSFETs MN1Q- and MN1I 

(FIG. 2 A), which sum indicates the effective current through Rl; and 
[0073] • 0.366 is the relative resistance value of Rl . 

[0074] The DC-biased voltage of <t>3 should be made equal to the DC-biased voltage 

of 4>1 {VDD - 1.3688, from above). Symbolically, the DC-biased voltage of (f>3, also 
calculated using Table II, is: 

[0075] VDD - ( Vr33 + Vr3) 

[0076] =VDD-( IR33R33 + IR3R3) 

[0077] =VDD-((2+2)R 33 + 2(0.5)) 

[0078] =VDD-(4R 33 + 1.0) 

[0079] Setting the DC-biased voltage values for </>l and <f>3 to be equal: 

[0080] VDD -1 .3688 = VDD - (4R 33 + 1 .0) 

[008 1 ] and eliminating VDD and the minus signs from both sides of the equation, yields: 

[0082] 1.3688 = 4R 33 + 1.0 

[0083] Solving for R33: 

[0084] R33 = (1 -3688 - 1 .0) / 4 = 0.3688/4 = 0.0922 

[0085] in which: 

[0086] • Vr33 and Vr3 are voltages across R33 and R3, respectively; and 

[0087] • Ir33 and Irs are currents through R33 and R3, respectively, represented by 

device widths from Table II; it is understood that the current through R33 is 

twice that through R3 (see FIG. 2C). 
[0088] The value of R66 is calculated in a similar fashion. 

[0089] FIG. 2E illustrates one example of a harmonic rejection mixer (HRM) 230 

(FIG. 2). In this example, two HRM portions are shown: a first portion for the I Channel 
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and a second portion for the Q Channel. The two HRM portions drive a common output 
load 291, 292. The two HRM portions receive I and Q signals, respectively, that are 
analogous to the I and Q inputs in the Weldon et al. reference (see FIG. 1). Whereas 
Weldon et al. combine the outputs of two HRMs by adder elements, FIG. 2E simplifies 
the combining function by showing a "hard wiring" of the HRM portion outputs together 
at OUTA and OUTB output nodes. 

[0090] In FIG. 2E, I and Q baseband input signals are input respective digital-to-analog 

converters (DACs), labeled DACI and DACQ. DACI and DACQ provide differential 
current signals 231A, 231B and 231C, 231D to respective low pass filters (LPFs) 232A, 
232B and 232C, 232D. Signals 231A, 231B, 231C, 231D collectively represent the 
differential baseband input signal 231 (FIG. 2). 

[0091] LPF 232A drives the gate of MN35 in all five legs of the I-channel HRM portion, 

and LPF 232B drives the gate of MN36 in all five legs of the I-channel HRM portion. 
Likewise, if a Q Channel is present, LPF 232C drives the gate of MN35 in all five legs of 
the Q-channel HRM portion, and LPF 232D drives the gate of MN36 in all five legs of 
the Q-channel HRM portion. 

[0092] Many implementations have only a single channel, rather then two quadrature 

channels I and Q. In that event, only a single HRM portion is required; that is, only the 
top half of FIG. 2E would be required. 

[0093] In this example, each HRM portion has five HRM "legs" having five respective 

weighting factors W. FIG. 2E shows that the five-leg mixer uses the LO input signals 
4>N, <I>N- as switching signals {N can be 1 through 6 in this example). By weighting the 
five legs appropriately, the rail-to-rail LO signal can be used while rejecting more 
harmonics than are rejected by conventional arrangements. 

[0094] For simplicity in illustration, FIG. 2E shows all but one "leg" in phantom, and the 

ground connections in the Q Channel HRM portion are omitted to avoid clutter. The 
circuit of the third leg of the I-channel HRM portion is shown in detail, with the 
understanding that all legs may be similarly designed. 

[0095] Referring more specifically to the third leg of the I-channel HRM portion, the 

sources of a first pair of opposed MOSFETs MN31, MN32 are selectively connected to 
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ground through a MOSFET MN35 whose gate is driven by a first baseband input signal 
231 A. Likewise, the sources of a second pair of opposed MOSFETS MN33, MN34 are 
selectively connected to ground through a MOSFET MN36 whose gate is driven by a 
differential baseband input signal 23 IB. The gates of MN32 and MN33 are connected 
and are driven by <j>N- while the gates of MN31 and MN34 are connected and are driven 
by <f>N. 

[0096] The drains of MN31 and MN33 are connected, to form a node at which HRM 

output signal OUTA is provided. Likewise, the drains of MN32 and MN34 are 
connected, to form a node at which HRM output signal OUTB is provided. 

[0097] Essentially, within each "leg" of the HRM 230, the differential current signals <f>N, 

07V- are modulated by the data signals input to MN35, MN36, to provide modulated 
intermediate frequency (IF) or high-frequency (HF) output signals at the OUTA and 
OUTB outputs. 

[0098] The drains of MOSFETS in the four "phantom" legs of HRM 230 are connected 

in a manner analogous to the leg that is explicitly illustrated, the drains also being 
connected to the OUTA and OUTB nodes. To provide output signals that closely 
emulate a sinusoidal signal, the "legs" of the HRM are differently weighted with weight 
factors W. In this example having five legs: 

[0099] • the first and fifth legs are weighted with W=l .0, 

[00100] • the second and fourth legs are weighted with W=SQRT(3) *4 .73, and 

[00101] • the third leg is weighted with W=2.0. 

[00 1 02] SQRT designates the square root function. 

[00103] This weighting is achieved by strategically fabricating MOSFETs in the 

respective HRM legs. To achieve greater weighting, the MOSFETs in a given HRM leg 
are fabricated proportionately larger. For example, to provide an HRM leg with a 
weighting factor W=2, MOSFETs within that leg are fabricated twice as wide as 
MOSFETs in legs with a weighting factor W=l. 

[00104] The HRM example described herein has both I and Q Channels, and uses all 

twelve evenly spaced phases 07, 02, 03, <f>4, 05, 0(5, 0/-, 02-, 0J-, <j>4-, 05-, 0(5- from the 
buffered MPLO. However, in the event that only a single channel is present rather than 
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separate I and Q channels, then less than all twelve phases would be used since only five 
pairs of phases are needed by five HRM legs. For example, 03 and 03- are not used in 
the I Channel portion alone, and 0(5 and 05- are not used in the Q Channel portion alone. 
[00105] The buffered phase signals <f>N and 0N- are input to the respective legs of the 

HRM, as shown in Table IV. Here, the value 1.73 approximates vs. 

[00106] 



TABLE IV: Harmonic Rejection Mixer (HRM) (FIG. 2E) 



Channel 


"Leg" 
ofHRM 


Input (0N) 
to 

MN31, MN34 


Input (QN-) 
to 

MN32, MN33 


Relative 
Strength 


I Channel 


First 0 


<M- 




1.0 


Second 11 


<t>5- 


& 


1.73 


Third A 


$6- 


<j)6 


2.0 


Fourth" 


*l 


V- 


u 1/73 


Fifth B 


<f>2 


<j>2- 


1.0 


Q Channel 


First" 


<I>1 


V- 


1.0 


Second" 


<f>2 


<f>2- 


1.73 


Third" 


4>3 


ct>3- 


2.0 


Fourth" 




<M- 


1.73 


Fifth" 


<t>5 


4>5- 


1.0 



Notes: A: Circuit of Third Leg of I Channel is detailed in FIG. 2E. 
B: Not specifically illustrated in FIG. 2E. 



[00107] The need for load equalization in buffers 220 may now be understood by an 

example. Table IV shows that 07 is input to the fourth leg of the I Channel HRM portion 
(Strengths .73) and to the first leg of the Q Channel HRM portion (Strengths. 0). 
Accordingly, the weighting Wof 07 must therefore be the sum 1.73+1.0=2.73, a sum that 
is reflected in Table III, above. 

[00108] Simulations have been conducted on the embodiment described herein, using 

twelve MPLO phases plus the five-leg harmonic rejection mixer with the device 
weighting shown in FIG. 2E. Harmonic rejection results were very favorable. The 
simulated arrangement rejected the third, fifth, seventh, and ninth harmonics. Surviving 
harmonics include the eleventh, thirteenth, twenty-third, and twenty-fifth harmonics. 
This result contrasts favorably with Weldon's results, in which only the third and fifth 
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harmonics were rejected but the seventh and ninth harmonics were not successfully 
rejected. Accordingly, the present arrangement provides an output frequency profile in 
which the surviving harmonics are fewer in number and located further from the 
fundamental frequency, so that the surviving harmonics are much easier to filter out, even 
using conventional filtering techniques. 
[00109] The present disclosure provides support for a circuit for providing a reduced 
harmonic content output signal (OUTA and/or OUTB) that is modulated according to an 
input signal (231). The circuit has an oscillator circuit (210) including at least one circuit 
portion (FIG. 2A) configured to receive first and second orthogonal oscillator input 
signals (at least two of I, I-, Q, Q-) having respective first and second phases, and to 
provide plural oscillator output signals ((fm) having respective mutually distinct phases 
that are interpolated between the first and second phases. The circuit also has a harmonic 
rejection mixer (FIG. 2E) configured to use the input signal to modulate a combination of 
the oscillator output signals, the oscillator output signals being respectively weighted so 
as to provide an emulated sinusoidal signal constituting the reduced harmonic content 
output signal. 

[00110] The oscillator circuit may be configured to provide the oscillator output signals 

(</>«j) in response to only a first pair of orthogonal oscillator input signals (example: I, Q) 
and a second pair of orthogonal oscillator input signals (example: I-, Q-) that are opposite 
in phase to the first pair (example: I, Q) of orthogonal oscillator input signals. 

[00111] The oscillator input signals (I, I-, Q, Q-) may be of a same frequency as the 
oscillator output signals, and are not derived from a frequency-division of higher 
frequency oscillator input signals. 

[00112] At least one of the circuit portions (FIG. 2A) may include at two phase 
interpolation circuits (1 and/or 2 for 01 and 02 in FIG. 2A), each phase interpolation 
circuit being configured to provide a respective one of the oscillator output signals (<jm) 
by combining at least two weighted oscillator input signals (two of I, I-, Q, Q-). 

[00113] The oscillator circuit may include exactly four circuit portions, including a first 
circuit portion receiving I and Q- orthogonal oscillator input signals; a second circuit 
portion receiving I and Q orthogonal oscillator input signals; a third circuit portion 
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receiving I- and Q orthogonal oscillator input signals; and a fourth circuit portion 
receiving I- and Q- orthogonal oscillator input signals; in which I and I- are of opposite 
phase, and Q and Q- are of opposite phase. 
[00114] The first circuit portion may provide at least first and second oscillator output 
signals having first and second phases interpolated between phases of I and Q-; the 
second circuit portion may provide at least third and fourth oscillator output signals 
having first and second phases interpolated between phases of I and Q; the third circuit 
portion may provide at least fifth and sixth oscillator output signals having first and 
second phases interpolated between phases of I- and Q; and the fourth circuit portion may 
provide at least seventh and eighth oscillator output signals having first and second 
phases interpolated between phases of I- and Q-. 
[00115] The first circuit portion may provide a ninth oscillator output signal having a 
phase substantially matching that of one of the I or Q- orthogonal oscillator input signals; 
the second circuit portion may provide a tenth oscillator output signal having a phase 
substantially matching that of one of the I or Q orthogonal oscillator input signals; the 
third circuit portion may provide an eleventh oscillator output signal having a phase 
substantially matching that of one of the I- or Q orthogonal oscillator input signals; and 
the fourth circuit portion may provide a twelfth oscillator output signal having a phase 
substantially matching that of one of the I- or Q- orthogonal oscillator input signals. 
[00 116] The oscillator output signals (<j>m) may be equally spaced in phase. 
[001 17] The circuit may also have an array of load equalization buffers (220) configured 
to weight the oscillator output signals in accordance with a strength of legs forming the 
harmonic rejection mixer, the strength of the legs being determined by how much each 
leg contributes to the reduced harmonic output signal (OUTA and/or OUTB). 
[00118] At least one of the circuit portions (FIG. 2A) may include at two phase 
interpolation circuits (1 and/or 2 for 01 and 02 in FIG. 2A), each phase interpolation 
circuit being configured to provide a respective one of the oscillator output signals (4m) 
by performing a weighted summing of currents respectively representing at least two 
oscillator input signals (two of I, I-, Q, Q-), . 



-18- 



[00119] The present disclosure also supports a method for providing a reduced harmonic 

content output signal (OUTA and/or OUTB) that is modulated according to an input 
signal. The method may involve receiving first and second orthogonal oscillator input 
signals (at least two of I, I-, Q, Q-) having respective first and second phases; providing 
plural oscillator output signals (<£M) having respective mutually distinct phases that are 
interpolated between the first and second phases; and using the input signal to modulate a 
combination of the oscillator output signals, respectively weighted so as to provide an 
emulated sinusoidal signal constituting the reduced harmonic content output signal. 
[00120] The providing step may include providing the oscillator output signals (0m) in 

response to only a first pair of orthogonal oscillator input signals (example: I, Q) and a 
second pair of orthogonal oscillator input signals (example: I-, Q-) that are opposite in 
phase to the first pair (example: I, Q) of orthogonal oscillator input signals. 
[00121] The oscillator input signals (I, I-, Q, Q-) may be of a same frequency as the 

oscillator output signals, and are not derived from a frequency-division of higher 
frequency oscillator input signals 
[00122] The providing step may include providing the oscillator output signals (</>m) by 

combining at least two weighted oscillator input signals (two of I, I-, Q, Q-). 
[00123] The receiving step may consist essentially of receiving I and Q- orthogonal 

oscillator input signals; receiving I and Q orthogonal oscillator input signals; receiving I- 
and Q orthogonal oscillator input signals; and receiving I- and Q- orthogonal oscillator 
input signals; in which I and I- are of opposite phase, and Q and Q- are of opposite phase. 
[00124] The providing step may include outputting at least first and second oscillator 

output signals having first and second phases interpolated between phases of I and Q-; 
outputting at least third and fourth oscillator output signals having first and second phases 
interpolated between phases of I and Q; outputting at least fifth and sixth oscillator output 
signals having first and second phases interpolated between phases of I- and Q; and 
outputting at least seventh and eighth oscillator output signals having first and second 
phases interpolated between phases of I- and Q-. 
[00125] The providing step may include outputting a ninth oscillator output signal having 

a phase substantially matching that of one of the I or Q- orthogonal oscillator input 
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signals; outputting a tenth oscillator output signal having a phase substantially matching 
that of one of the I or Q orthogonal oscillator input signals; outputting an eleventh 
oscillator output signal having a phase substantially matching that of one of the I- or Q 
orthogonal oscillator input signals; and outputting a twelfth oscillator output signal 
having a phase substantially matching that of one of the I- or Q- orthogonal oscillator 
input signals. 

[00126] The providing step may include providing oscillator output signals (0m) that are 
equally spaced in phase. 

[00127] The method may also includes weighting the oscillator output signals in 

accordance with a strength of legs forming a harmonic rejection mixer that performs the 
using step, the strength of the legs being determined by how much each leg contributes to 
the reduced harmonic output signal (OUTA and/or OUTB). 

[00128] The providing step may include providing the oscillator output signals (</>m) by 

performing a weighted summing of currents that respectively represent at least two 
oscillator input signals (two of I, I-, Q, Q-). 

[00129] Many alternatives, modifications, and variations will be apparent to those skilled 

in the art in light of the above teachings. For example, varying the choice of the number 
of phases generated by the multi-phase local oscillator (MPLO), the particular input 
signals to the MPLO, the phase-spacing of signals generated by the MPLO, the manner in 
which weighting is achieved to achieve interpolation of the LO phase signals, the manner 
in which the HRM legs are weighted, the choice of current domain signals versus voltage 
domain signals, and so forth, all lie within the contemplation of the present invention. It 
is therefore to be understood that within the scope of the appended claims and their 
equivalents, the invention may be practiced otherwise than as specifically described 
herein. 
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